ABSTRACT The objective of this research was to optimize antioxidant potential of hydrolyzed protein using Flavourzyme assisted hydrolysis of turkey meat and compare the antioxidant activity of hydrolysates from turkey meat, chicken, and beef. Response surface methodology (RSM) was used to determine the optimal Flavourzyme hydrolysis conditions for preparation of hydrolysate from turkey meat, which were at a temperature of 50.09
INTRODUCTION
Lipid oxidation may induce the development of offflavor, unappealing color, and undesirable texture and also generation of potentially toxic products, which are major concerns for food processors and consumers (Thiansilakul et al., 2007; Zhang et al., 2018) . In order to prevent foods from deterioration and to protect consumers from health problems, it is important to inhibit oxidation of foodstuff and oxidative stress in the human body . Recently, many experiments have been designed to seek and develop safe and effective natural antioxidants, including antioxidant peptides or proteins Zhang et al., 2018) .
Meat protein is an attractive source from which antioxidant peptides could be prepared, as it contains unique amino acids with high bioavailability, different from those found in plant proteins, such as methylhistidine and hydroxymethyllysine. Carnosine and anserine are well-known antioxidant peptides that exist naturally in the muscle tissue, functioning as metal ion chelators or free radical scavengers (Kang et al., 2002; Ambigaipalan et al., 2015) . Turkey meat could serve as a good protein source for human consumption and has a C 2018 Poultry Science Association Inc. Received August 10, 2017. Accepted December 29, 2017. 1 Corresponding author. fshahidi@mun.ca high content of iron, zinc, and copper, as well as a lower cholesterol content than beef or lamb (Gök and Bor, 2016) . The consumption of white meat such as turkey has received increased attention since reduced intake of red meat is recommended due to its potential link with cardiovascular pathologies (Adzitey et al., 2012; Wang et al., 2016; Zou et al., 2017b) . The consumption of turkey meat ranks number 2 after broiler meat in the world poultry production (Fatih and Mustafa, 2017) . Although turkey meat is of high nutritive value, its consumption is limited for the reason of aroma, flavor, color, and texture, among others, which may not be appealing to some consumers. Therefore, developing novel products from turkey meat is necessary, and production of antioxidant peptides might provide a viable option.
Enzymatic hydrolysis is thought to be the most important approach to obtain antioxidant peptides from meat protein. Enzymatic hydrolysis can be influenced by factors such as the type of enzyme, temperature, pH, and processing time, which cooperatively influence the enzyme activity, thereby making the hydrolysis more controllable (Jamil et al., 2016) . In our previous related studies, we found that Flavourzyme is one of the most effective hydrolytic enzymes for turkey meat compared to Alcalase, Neutrase, trypsin, and pepsin (unpublished work), but little information is available on its optimal hydrolysis conditions in muscle foods. Different methods are often used to evaluate the antioxidant 1824 activities, such as the reducing power, 2,2 -azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical cation, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, and hydroxyl radical scavenging activities. The determination of reducing power is a simple and facile method that is used to evaluate in vitro antioxidant activity. Some other studies also have indicated that reducing power is closely related to antioxidant activity (Duh, 1998; Duh et al., 1999) . Therefore, reducing power is often used to determine the antioxidant activity of protein hydrolysates (Wu et al., 2003; Li et al., 2008; Ambigaipalan et al., 2015) . In our study, reducing power was selected to assess antioxidant efficacy of protein hydrolysate from turkey meat.
Therefore, the objectives of the present study were: (1) to optimize the Flavourzyme assisted hydrolysis conditions, such as pH, temperature, and time, which offer the highest reducing power by response surface methodology (RSM), and (2) to compare other important antioxidant activity indices (e.g., ferrous ion chelating, DPPH radical, ABTS radical cation, and hydroxyl radical scavenging activities) of different species of meat under optimum hydrolysis conditions.
MATERIALS AND METHODS

Sample Preparation
Turkey meat (male, 18 wk), chicken (male, 6 wk), and beef (male, 12 mo) were procured from a commercial slaughterhouse in St. John's, NL, Canada, and immediately frozen at -20
• C, packaged in polyethylene bags, and then properly transported to the laboratory. Prior to experimentation, smaller blocks were partially thawed overnight in the refrigerator at 4
• C. Biceps femoris muscle was taken from the turkey meat and then trimmed of its visible subcutaneous fat and connective tissues. Each muscle sample was rinsed using distilled water and ground to a homogenate (at 5,000 rpm for 5 min) which was then mixed with isopropanol at a ratio of 1:5 (w/v) and slowly stirred at 25
• C for 5.0 hours. Isopropanol was replaced after 2.5 hours. The mixture was then centrifuged at 5,000 × g for 20 min at 4
• C (Allegra 64R, Beckman, Brea, State of California), and the precipitate was collected and freeze-dried. Finally, the defatted turkey meat powder was stored at −20
• C until further use (Chi et al., 2015) . The defatted turkey meat powder was dispersed in double-distilled water (10%, w/v) and homogenized at the speed of 8,000 rpm for 5 min using an Ultra Turrax (T25, IKA, Guangzhou, Guangdong Province), then it was hydrolyzed using Flavourzyme (1,000 LAPU/g, Novozymes, Bagsvaerd, Denmark) substrate (Enzyme/Substrate) ratio at 3% (w/w) under appropriate conditions. For single-factor analysis, hydrolysis conditions were at the temperature of 35 to 60
• C, pH of 5.0 to 7.5, and the processing time of 0.5 to 3.0 h. On the basis of preliminary single-factor experiments, RSM was designed to evaluate the influence of independent variables (temperature, X 1 ; pH, X 2 ; time, X 3 ) on reducing power (Y). The Box-Behnken design (BBD) of 3 levels was selected to analyze the effect of these 3 variables on reducing power. After a certain hydrolysis period at a selected temperature and pH, enzymatic hydrolysis reaction was terminated using the heating method for 12 min in boiling water, followed by cooling the solution to room temperature and centrifugation at 5,000 × g for 20 minutes. The resultant supernatant was immediately stored at -20
• C for further analysis. The hydrolysate from the turkey meat or other meat also was compared with chicken and beef under the optimal Flavourzyme hydrolysis conditions.
Reducing Power
The reducing power of turkey meat or other meat hydrolysate was determined according to Ayoub et al. (2016) . Two milliliters of sample (1.0 mg/mL) were mixed with 1.0 mL of 0.2 M phosphate buffer solution at pH 6.6 and 1.0 mL of a 1.0% potassium ferricyanide solution. The sample mixture was then maintained for 20 min at 50
• C, added with 1.0 mL of 10.0% trichloroacetic acid (TCA), and the mixture was subsequently centrifuged for 10 min at 3,000 × g (Allegra 64R, Beckman, Brea, State of California). An aliquot (1.0 mL) of the supernatant was transferred into a tube containing 0.2 mL of 0.1% ferric chloride and 1.0 mL of double-distilled water. The content was mixed well, and the absorbance of the sample was recorded at 700 nm. It is considered that a higher absorbance of the sample indicates a better reducing power .
DPPH Radical Scavenging Activity
DPPH radical scavenging activity of turkey meat or other meat hydrolysate was determined according to the method reported by Ambigaipalan et al. (2015) with slight modification. Hydrolysates (200 μL, 2.0 mg/mL) were mixed with 1.0 mL of ethanolic solution of DPPH (0.18 mM). The test solution was then thoroughly mixed and allowed to stand in the dark for 15 minutes. The mixture was subsequently injected into the sample cavity of a Bruker E-scan electron paramagnetic resonance spectrometer (EPR, Bruker Biospin Co., Billerica, MA). Ethanol was used as the control instead of the hydrolysate. The operating parameters of EPR were the same as those reported by Ambigaipalan et al. (2015) .
The DPPH radical scavenging activity of the test sample was calculated by using the following equation (control was devoid of any turkey meat hydrolysate):
DPPH radicalscavenging activity (%) = 100 × (1 − signal intensity for sample/ signal intensity for control).
Ferrous Ion Chelation
The ferrous ion chelating capacity of turkey meat or other meat hydrolysate was assessed according to Wang et al. (2015) with minor modification. To one milliliter of hydrolysate (2.0 mg/mL) 0.1 mL of 2.0 mM ferrous chloride solution was added and then mixed thoroughly. To the mixture, 0.2 mL of 5.0 mM ferrozine was added, and the reaction mixture was allowed to stand for 20 min for color development. The absorbance of the sample was read at 562 nm. A blank without ferrozine was used for each sample, since the antioxidant-Fe 2+ complex gives a color that might interfere with the absorbance reading. Ferrous ion chelating capacity was evaluated using the following equation:
Ferrous ion chelating capacity(%)
Where: As represents the absorbance of the test sample and Ac the absence of turkey meat hydrolysate, while Ab is for that without any ferrozine.
ABTS Radical Cation Scavenging
The ABTS radical cation scavenging activity of turkey meat or other meat hydrolysate was determined according to the method described by Ambigaipalan et al. (2016) with slight modification. The solutions of 2,2-azo-bis-2-amidinopropane dihydrochloride (AAPH) (2.5 mM) and ABTS (2.5 mM) were prepared in a 0.1 M phosphate buffer (pH 7.4) with 0.15 M sodium chloride. The ABTS r + solution was obtained by mixing AAPH with the ABTS stock solution at a ratio of 1:1 (v/v). The solution was then heated for 20 min at 60 • C, stored at room temperature, and protected from light. Fifty microliters of the samples (2.0 mg/mL) were mixed with 1.95 mL of the ABTS r + solution, and the absorbance of the sample was read at 734 nm after 6 min. ABTS radical cation scavenging activity was calculated using the following equation:
ABTS radical cation scavenging activity(%) = 100 × (1 − (As/Ab)
Where: As represents the absorbance of the test sample, while Ab contained no turkey meat hydrolysate.
Hydroxyl Radical Scavenging
The hydroxyl radical scavenging activity was assayed according to the procedure described by de Camargo et al. (2016) . Briefly, 0.2 mL of turkey meat or other meat hydrolysate (2.0 mg/mL) was thoroughly mixed with 0.2 mL of 10 mM H 2 O 2 , 0.4 mL of 17.6 mM dimethylpyridine N-oxide (DMPO), 0.4 mL of 75 mM phosphate buffer (pH 7.2), and 0.2 mL of 10 mM FeSO 4 . The mixture was injected into an EPR spectrometer after 5 min, and its spectrum was recorded. The hydroxyl radical scavenging activity was calculated as follows:
Hydroxyl radical scavenging activity(%) = 100 × (signal intensity of the control − signal intensity of the sample)/ signal intensity of the control.
The control contained no turkey meat hydrolysate.
Determination of the Degree of Hydrolysis
The degree of hydrolysis of turkey meat or other meat hydrolysate was determined using the method described by Chi et al. (2015) .
Statistical Analysis
The difference between each group in single-factor experiments was calculated using the SPSS 16.0 software (SPSS Inc. Chicago, IL) by the one-way analysis of variance (ANOVA). ANOVA was performed to compare the effect of hydrolysis conditions under the significance level of P < 0.05. In the experiment of RSM, the independent variables and their related codes and levels are displayed in Table 2 . Six replicates were used to evaluate the pure error. After performing 17 different experiments, a quadratic model was fitted to the response value using Design Expert software (version 8.0.6, State-Ease, Inc., Minneapolis, MN). The variation of the reducing power (Y) vs. the 3 retained variables X 1 , X 2 , and X 3 was obtained according to the following generalized second-order polynomial model given below:
Where Y is the predicated response variable, b 0 , b i , b ii , and b ij are the regression coefficients for the linearity, square, and interaction, respectively, and X i and X j are independent variables (i>j). The optimal Flavourzyme hydrolysis conditions were evaluated by regression analysis and 3-dimensional (3D) response surface plots of the independent variables and each dependent variable.
RESULTS AND DISCUSSION
Effects of Temperature, pH, and Time on the Reducing Power of Turkey Meat Hydrolysate
To develop an RSM model for optimization of Flavourzyme assisted hydrolysis conditions of turkey meat, effects of the temperature, pH, and processing time on reducing power of turkey meat hydrolysates were investigated. Variations in the reducing power were observed using single-factor tests, and the results are displayed in Figure 1 .
The temperature was varied from 35 to 60 • C when considering the effect of temperature on reducing power, and the hydrolysis reaction was carried out at pH 6.5 for 2.0 h in single-factor experiments. The reducing power increased significantly (P < 0.05) when the temperature increased from 35 to 50
• C, followed by a significant decrease (P < 0.05) when the temperature was elevated from 50 to 60
• C ( Figure 1a) ; the latter was due to enzyme denaturation, while the lower yield at the lower temperature was perhaps due to incomplete hydrolysis (Roslan et al., 2014) . Thus, the optimum temperature of 50
• C was selected for further work. The effect of pH on reducing power was analyzed within the limits of 5.0 to 7.5, and hydrolysis was conducted at 50
• C for 2.0 h (Figure 1b) . The reducing power increased significantly with increase of pH from 5.0 to 5.5 (P < 0.05), while an opposite trend was observed within the pH range of 5.5 to 6.0 (Figure 1b) , but no significant decrease was noted when the pH was increased from 6.0 to 7.5 (P > 0.05). Some research reports have indicated that Flavourzyme is better active at a pH range from 5.0 to 7.0, and the optimum pH of 7.0 is often recorded (Charoensiddhi et al., 2016; Zhang et al., 2016) . The difference may be due to the use of different substrates. In addition, pH had a significant effect on turkey meat hydrolysate; thus, in our study, pH 5.5 was selected for the central point of RSM. The influence of processing time on the antioxidant activity also was investigated in the range of 0.5 to 3.0 h, and the experiment was conducted at 50
• C and pH 5.5. The reducing power increased from 0.58 to 0.83 with increased time from 0.5 to 1 h (Figure 1c) . In the range of 1.0 to 1.5 h, the change of processing time resulted in a significant (P < 0.05) decline in the reducing power. However, there was no significant variation for the change of time from 1.5 to 2.0 h (P > 0.05), although the reducing power decreased marginally; a significant decrease was observed with the time from 2.0 to 3.0 h (P < 0.05) but the degree of hydrolysis and the content of hydrolyzed peptides continued to increase. When the processing time exceeds a certain limit, antioxidant peptides may further hydrolyze, thus still causing a decrease in the antioxidant activity (Chel-Guerrero et al., 2016; Lv et al., 2017) . Therefore, the hydrolysis time plays an important role in the reducing power of hydrolyzed turkey meat with an optimum processing time of 1.0 h for development of the model.
Optimization of The Hydrolysis Condition by RSM
RSM has been widely used in food science and technology in recent years as a statistical tool for modeling or optimizing a response that is affected by one, 2, or more variables (Liyana-Pathirana and Shahidi, 2005; Kim et al., 2013; Hu et al., 2014; Wang et al., 2007; Zou et al., 2017a) . In our research, the temperature, pH, and time were selected as independent variables for further optimization of Flavourzyme assisted hydrolysis conditions due to their obvious effects on reducing power. The reducing power under a 3-level, 3-factor factorial design, which was used in this work, is shown in Table 1 . The results from the limited times of tests provided a statistical model, which revealed the relationship between the reducing power and the experimental variables as given below:
(2) The significance of the coefficients of the model was determined by the analysis of variance, as shown in Table 2 where X 2 , X 1 X 2 , X 2 1 , X 2 2 , and X 2 3 all had significant negative effects on reducing power with Pvalues of <0.05. The determination coefficient (R 2 ) of reducing power was 0.9936, implying that 99.36% of the observed data could be fitted well by this model. The adjusted determination coefficient (R Adj 2 ) was 0.9855, which is close to R 2 , indicating a high degree of agreement between the observed and predicted values. Furthermore, the low coefficient value (C.V.% = 1.04) indicated the low variation in the mean value and a high degree of precision and good reliability of the test values. Therefore, the model can reliably predict the response for optimization process.
The interactive effect of the experimental variables and their mutual interaction on the reducing power is also clearly displayed on the 3D response surface results of multiple non-linear regression models (Basu et al., 2015) . The full model resulting from Eq. (2) was used to generate a 3D response surface plot and contour plot to predict mutual influences between 2 independent variables on the response variable. The interaction effects of temperature (X 1 ) and pH (X 2 ) on reducing power are shown in Figure 2a and a1, while the experimental pH was fixed on a middle level of 5.5. With the increase of pH, the reducing power increased first and then decreased rapidly, and the reducing power reached 0.870 at the optimum temperature. The response surface plots and their corresponding counter plots show that temperature had no significant effect on reducing power, which is in accordance with the data summarized in Table 2 . However, interaction between temperature (X 1 ) and pH (X 2 ) was evident (Figure 2a1 ), again consistent with the results displayed in Table 2 . Figure 2b and b1 present the interaction effect of time (X 3 ) and temperature (X 1 ) on reducing power under a fixed experimental time of 1.0 h. At the mid level of temperature and time, maximum reducing power was obtained at 0.878, while there was no change of reducing power with the increase of temperature and time. The effect of pH (X 2 ) and time (X 3 ) on reducing power is shown in Figure 2c . At the fixed temperature of 50.0
• C, reducing power increased first and then decreased considerably with the increase of pH and processing time, and under optimum condition, the highest reducing power was 0.874. The contour plot in Figure 2c1 shows that processing time did not significantly affect the reducing power. The results demonstrated that the optimal Flavourzyme hydrolysis conditions for preparation of antioxidant hydrolysate from turkey meat were 50.1
• C, pH 5.4, and a duration of 1.1 hours.
Using the above-mentioned optimum hydrolysis parameters, tests were conducted for checking the variation of reducing power. A mean value of 0.889 (n = 6) obtained from these actual experiments demonstrated that the experimental results were very close to the predicted ones. Thus, experimental values had a high degree of fit with predicted values, confirming the validity and adequacy of the predicted model. Accordingly, the response surface modeling would be applied effectively to predict Flavourzyme hydrolysis condition.
Comparison of antioxidant activities of hydrolysate product from turkey, chicken, and beef under the optimum conditions
The degree of hydrolysis and antioxidant activities of hydrolysates from turkey meat, chicken, and beef are shown in Table 3 . Turkey meat had the highest reducing power, ABTS radical cation, and DPPH radical scavenging activities among the 3 types of meat studied. Furthermore, hydroxyl radical scavenging activity and the degree of hydrolysis were the highest for chicken hydrolysate. There were no significant differences in ferrous ion chelating activities among the different meat hydrolysates tested (P > 0.05). The reducing power, ABTS radical cation, DPPH radical, and hydroxyl radical scavenging activities of turkey meat and chicken were significantly higher than those of beef (P < 0.05), which indicates that the poultry hydrolysates produced by Flavourzyme may have better antioxidant activity than those of red meat. The degree of hydrolysis of turkey meat and chicken were also higher than that of beef, which may indicate that poultry meat is hydrolyzed more readily by Flavourzyme. It is possible that the release of iron from myoglobin, which exists at higher levels in red meat (Cai et al., 2009) , may affect the activity of Flavourzyme. A similar result was found in that reduced amount of myoglobin and heme iron in brownstripe red snapper increased the rate of protein hydrolysis (Khantaphant et al., 2011) . Evaluating the antioxidant capacity is essential for verifying the functionality of products. Many methods have been developed for evaluating the antioxidant activity of biological or food samples over the past couple of decades; these have been comprehensively reviewed in several recent publications (Antolovich et al., 2002; Magalhães et al., 2008; Alshikh et al., 2015; de Camargo et al., 2015; Shahidi and Ambigaipalan, 2015; Shahidi and Zhong, 2015; Chang et al., 2016a; Chang et al., 2016b) . Until now, there is no specific method recommended to characterize the overall antioxidant potential of protein hydrolysates. The majority of assays are based on hydrogen atom transfer (HAT) like oxygenradical absorbance capacity (ORAC), and total radical trapping antioxidant parameter (TRAP). Therefore, DPPH radical scavenging, ferrous ion chelating, ABTS radical cation scavenging, reducing power, and hydroxyl radical scavenging are widely employed for assessing the antioxidant activity of products and biological systems. Taken together, hydrolysates of turkey meat and chicken had a higher antioxidant activity than red meat, thus demonstrating their potential use as functional food ingredients with antioxidant activity for oxidation control. It has previously been reported that hydrolysates also may act as phosphate replacers and effective ingredients to enhance the cooking yield of meat products (Xiong, 2005; Cumby et al., 2008) . Other effects related to beneficial health effects of such hydrolysates and their amino acid sequence remain to be further explored.
CONCLUSIONS
The optimal Flavourzyme hydrolysis conditions for preparation of antioxidant hydrolysate from turkey meat were at the temperature of 50.1
• C, pH of 5.4, and processing time of 1.1 hours. Antioxidant activities of hydrolysates from turkey meat and chicken were significantly higher than that of beef. Flavourzyme could be regarded as an effective hydrolytic enzyme for preparation of antioxidant hydrolysate from turkey meat, indicating its potential use as a functional food ingredient with shelf-life extension properties.
